[1] Clouds exert an important influence on tropospheric photochemistry through modification of solar radiation that determines photolysis frequencies (J-values). We assess the radiative effect of clouds on photolysis frequencies and key oxidants in the troposphere with a global three-dimensional (3-D) chemical transport model (GEOS-CHEM) driven by assimilated meteorological observations from the Goddard Earth Observing System data assimilation system (GEOS DAS) at the NASA Global Modeling and Assimilation Office (GMAO). We focus on the year of 2001 with the GEOS-3 meteorological observations. Photolysis frequencies are calculated using the Fast-J radiative transfer algorithm. The GEOS-3 global cloud optical depth and cloud fraction are evaluated and generally consistent with the satellite retrieval products from the Moderate Resolution Imaging Spectroradiometer (MODIS) and the International Satellite Cloud Climatology Project (ISCCP). Results using the linear assumption, which assumes linear scaling of cloud optical depth with cloud fraction in a grid box, show global mean OH concentrations generally increase by less than 6% because of the radiative effect of clouds. The OH distribution shows much larger changes (with maximum decrease of $20% near the surface), reflecting the opposite effects of enhanced (weakened) photochemistry above (below) clouds. The global mean photolysis frequencies for J[O 1 D] and J[NO 2 ] in the troposphere change by less than 5% because of clouds; global mean O 3 concentrations in the troposphere increase by less than 5%. This study shows tropical upper tropospheric O 3 to be less sensitive to the radiative effect of clouds than previously reported ($5% versus $20-30%). These results emphasize that the dominant effect of clouds is to influence the vertical redistribution of the intensity of photochemical activity while global average effects remain modest, again contrasting with previous studies. Differing vertical distributions of clouds may explain part, but not the majority, of these discrepancies between models. Using an approximate random overlap or a maximum-random overlap scheme to take account of the effect of cloud overlap in the vertical reduces the impact of clouds on photochemistry but does not significantly change our results with respect to the modest global average effect. 
Introduction
[2] Clouds play critical roles in influencing not only the earth's climate through modulation of the earth's energy and hydrological cycles but also tropospheric photochemistry through modification of solar radiation that determines photolysis frequencies [e.g., Thompson, 1984; Crawford et al., 1999; Yang and Levy, 2004] . The uncertainty in radiative processes associated with clouds has been widely recognized as one of the key issues in current assessments of climate change [Cess et al., 1996; Houghton et al., 2001] . The radiative effect of clouds on tropospheric photochemistry and the associated uncertainty have been paid much less attention in the literature. A quantitative understanding of this effect is required for using global models to assess anthropogenic perturbations to the Earth system. We address here this issue with a global threedimensional (3-D) chemical transport model or CTM (GEOS-CHEM) [Bey et al., 2001a] driven by assimilated meteorological observations.
[3] Clouds affect tropospheric chemistry in a variety of ways. They provide surfaces for heterogeneous chemistry to take place [Jacob, 2000] . Precipitating clouds scavenge soluble trace gases and aerosols from the troposphere [e.g., Liu et al., 2001] . The vertical motions associated with clouds result in substantial convective transport of chemical species. In particular, deep convection can provide an important source of hydrogen oxide radicals in the upper troposphere, leading to enhanced production of ozone [Prather and Jacob, 1997] . Lightning associated with deep convective clouds is an important source of nitrogen oxides in the middle and upper troposphere [e.g., Pickering et al., 1998 ]. Clouds also scatter and absorb incoming solar radiation, modifying the actinic flux and thus photolysis frequencies of key chemical species. The enhanced photolysis frequencies have been observed above and in the upper levels of clouds, while reduced frequencies were found below optically thick clouds and absorbing aerosols [e.g., Junkermann, 1994; Lefer et al., 2003] . Since photolytical processes are the sources of free radicals, clouds play an important role in determining the oxidative capacity of the troposphere [Thompson et al., 1990] .
[4] In order to account for the spatial and temporal variability of photolysis frequencies under different atmospheric conditions, tropospheric chemistry models require photolysis schemes that are computationally efficient. Earlier CTMs often calculated photolysis frequencies offline and then tabulated them for interpolation during model integration for varying solar zenith angles [e.g., Penner et al., 1991; Brasseur et al., 1998 ]. As Wild et al. [2000] pointed out, however, precalculation does not interactively take into account the effects of the simulated ozone column or cloud/aerosol loading, although using more detailed parameterizations or a correction factor during model integration may partly address the problem [Berntsen and Isaksen, 1997; Landgraf and Crutzen, 1998; Feng et al., 2004] . A new scheme for calculating photolysis frequencies online (Fast-J) that is fast, flexible, and deals accurately with multiple scattering, was developed by Wild et al. [2000] . Fast-J has been incorporated into a number of CTMs Shindell et al., 2001] , including the GEOS-CHEM model [Bey et al., 2001a] used in this study. Another efficient photolysis scheme (fast-TUV) using similar methodology and based on the Tropospheric Ultraviolet-Visible Model (TUV) was recently developed by Tie et al. [2003] .
[5] Several previous modeling studies have examined the radiative effect of clouds on photolysis frequencies and/or oxidants in the troposphere. Tang et al. [2003] used a 3-D regional CTM (STEM) coupled with the TUV model to study the influences of aerosols and clouds on photolysis frequencies and photochemical processes over the AsianPacific Rim during the TRACE-P period (February-April 2001) . Linear scaling of the cloud optical depth in a grid box with cloud fraction (or uniform cloud distribution; referred to as LIN hereinafter) was assumed. They found that clouds have a large impact on photolysis frequencies with J[NO 2 ] decreased by 20% below clouds and enhanced by $30% from 1 km to 8 km. Clouds were also found to reduce OH by 23% at <1 km and increase OH by $25% above 1 km. Mao et al. [2003] conducted sensitivity experiments of clouds with a radiative transfer model and found that the impact of low and middle clouds on photolysis frequencies was stronger than high clouds by a factor of 2-3 because of large optical depths. Tie et al. [2003] suggested that the impact of clouds is probably unrealistically large when LIN is applied to calculate the photolysis frequencies in their global CTM (MOZART-2 coupled with fast-TUV).
[6] One of the important issues or uncertainties when examining the radiative effect of clouds in models concerns how to represent the vertical coherence of clouds. A number of schemes have been introduced to address the effects of vertical subgrid variability of cloudiness on radiative transfer. The most commonly used schemes are the random overlap (RAN) and the maximum-random overlap (MRAN) assumptions [e.g., Geleyn and Hollingsworth, 1979; Briegleb, 1992; Liang and Wang, 1997; Stubenrauch et al., 1997; Collins, 2001; Stephens et al., 2004] . Stephens et al. [2004] presented an assessment of these and other different approaches for parameterizing the effects of cloud overlap on radiative transfer in a single radiation model. Photochemical models have just begun to take account of the effect of cloud overlap assumptions [Tie et al., 2003; Feng et al., 2004] .
[7] Tie et al. [2003] considered the subgrid vertical distribution of clouds by using MRAN in the calculation of photolysis frequencies in a global CTM. They found that with MRAN clouds increase global mean OH concentrations by about 20%, photolysis rates of J[O 1 D] and J[NO 2 ] in the troposphere by about 12-13%, and tropospheric O 3 concentrations by 8%. It was suggested that clouds have important impacts on tropospheric chemistry. They also argued that LIN tends to significantly overestimate backscattering above clouds and the overall impact on photochemistry in the troposphere. This argument was based on their calculation that showed the estimated global OH with LIN is about 50% higher than that with MRAN. Feng et al. [2004] were the first to systematically evaluate the effect of different cloud overlap assumptions (LIN, RAN and MRAN) on averaged photolysis frequencies and OH concentrations in a global photochemical model. Photolysis frequencies are increased in the upper tropical troposphere and decreased in the lower troposphere if LIN or RAN is followed rather than MRAN.
[8] In this study, we apply GEOS-CHEM coupled with Fast-J to quantify the radiative effect of clouds on photolysis rates and key oxidants in the troposphere and to examine the effect of various cloud overlap assumptions. These are essentially the same issues investigated by Tie et al. [2003] and Feng et al. [2004] . Our results, however, contrast with those of Tie et al. [2003] in finding that the dominant effect of clouds is to influence the vertical redistribution of the intensity of photochemical activity while the global average effect remains modest. In particular, we will show that tropical upper tropospheric ozone concentrations in GEOS-CHEM are much less sensitive to the radiative effect of clouds than those in MOZART-2 as reported by Tie et al. [2003] . With online calculation of photolysis frequencies, we also improve over the study of Feng et al. [2004] with respect to the impact of different cloud overlap schemes.
[9] The remainder of this paper is organized as follows. Section 2 will briefly describe the GEOS-CHEM model, the Fast-J algorithm, and the cloud overlap assumptions used. Section 3 will present the global distribution of cloud and its evaluation with satellite observations. One-dimensional test cases for offline calculation of photolysis frequencies using Fast-J are examined in section 4. The global impact of GEOS-3 clouds on photolysis frequencies under different cloud overlap assumptions is assessed in section 5. The radiative effect of clouds on tropospheric key oxidants is examined in section 6, followed by discussion in section 7, and summary and conclusions in section 8.
Model and Methods

GEOS-CHEM
[10] GEOS-CHEM is a global 3-D model of tropospheric O 3 -NO x -hydrocarbon chemistry coupled to aerosol chemistry. The model is driven by assimilated meteorological observations from the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and Data Assimilation Office (GMAO). This study is based on GEOS-CHEM version 5.5 (see http://www-as.harvard.edu/chemistry/trop/ geos) driven by 2000 and 2001 GEOS-3 meteorological data.
[11] Bey et al. [2001a] presented a first description of the model as applied to simulation of tropospheric O 3 -NO xhydrocarbon chemistry. The model was updated by Martin et al. [2002] , and by Park et al. [2004] where aerosol (including sulfate-nitrate-ammonium, carbonaceous aerosols, sea salt, and mineral dust) chemistry is coupled with O 3 -NO x -hydrocarbon chemistry. The GEOS-3 data, including cloud fields, have 6-hour temporal resolution (3-hour resolution for surface fields and mixing depths), 1°latitude by 1°longitude horizontal resolution, and 48 sigma vertical levels extending up to 0.01 hPa. For computational efficiency, we degrade the horizontal resolution to 4°Â 5°and merge the 26 vertical levels above 85 hPa, retaining a total of 30. The midpoints of the lowest eight levels in the GEOS-3 data are at 10, 50, 100, 200, 350, 600, 850, and 1250 m above the surface for a column based at sea level. All simulations in this study were conducted for August 2000 to December 2001 using standard model output as initial conditions. August -December 2000 was used for initialization and we analyze the model results for the year of 2001.
[12] The model solves the chemical evolution of over 80 chemical species with a fast Gear solver and transports 31 chemical tracers. The model uses the advection scheme of Lin and Rood [1996] . The moist convective mixing scheme is that of Allen et al. [1996] . Wet deposition of soluble species includes scavenging in wet convective updrafts, and first-order rainout and washout from both convective and large-scale precipitation [Liu et al., 2001; Park et al., 2004] . The Synoz (synthetic O 3 ) scheme [McLinden et al., 2000] is used as a flux upper boundary condition for O 3 in the stratosphere by imposing a global cross-tropopause flux of 475 Tg O 3 per year. We impose a uniform global CH 4 concentration of 1700 ppbv. Procedures for specifying emissions are described in Bey et al. [2001a] . This version of the model also includes an improved biomass burning emission inventory with seasonal variability constrained by satellite observations [Duncan et al., 2003] . Lightning NO x source is 6 Tg N yr À1 . [13] A global evaluation of the GEOS-CHEM simulation of tropospheric O 3 -NO x -hydrocarbon chemistry was first presented by Bey et al. [2001a] . The model reproduces the climatological monthly mean O 3 concentrations from the ozonesonde observations to within usually 10 ppbv, and captures the phase of the seasonal cycle to within 1 -2 months, with the seasonal amplitude underestimated at northern midlatitudes. More specific evaluations of model results (using GEOS-1, GEOS1-STRAT, or GEOS-3) with O 3 observations in different regions of the world have been conducted for the Asian Pacific [Bey et al., 2001b; Liu et al., 2002 , the Middle East [Li et al., 2001] , the United States [Fiore et al., 2002a [Fiore et al., , 2002b [Fiore et al., , 2003a [Fiore et al., , 2003b , the North Atlantic [Li et al., 2002a [Li et al., , 2002b , and the tropics Chandra et al., 2003] [Bey et al., 2001a] has been improved in the current version by the consideration of minor sources from oxidation of previously neglected volatile organic compounds.
Photolysis Calculation
[14] Photolysis frequencies in GEOS-CHEM are calculated with the Fast-J radiative transfer algorithm of , which uses a seven-wavelength quadrature scheme and accounts accurately for Rayleigh scattering as well as Mie scattering by aerosols and clouds. Fast-J achieves the accuracy of the calculated photolysis frequencies generally to within 3% and compares well with other photolysis schemes [Olson et al., 1997] .
[15] A total of 52 photolysis reactions are included in GEOS-CHEM (The GEOS-CHEM Chemical Mechanism version 5-05-03, by Arlene Fiore and Daniel Jacob, Harvard University, June 2003; electronic copy of this document available at http://www-as.harvard.edu/chemistry/trop/geos/ geos_mech.html). Photolysis calculations are performed every hour and thus diurnal variations are represented. Vertically resolved cloud optical depths and cloud fractions are taken from the GEOS-3 meteorological archive with 6-hour resolution. Clouds are assumed to be fully scattering. Monthly mean surface albedos are those of Herman and Celarier [1997] . This version of GEOS-CHEM uses climatological ozone concentrations as a function of latitude, altitude, and month to calculate the absorption of UV radiation by ozone. We find by sensitivity experiments that using tropospheric ozone concentrations from the model simulation (versus climatology) has little effect on our results presented in this paper.
Cloud Overlap Assumptions
[16] Following Feng et al. [2004] , we examine in this study three assumptions about the vertical subgrid variability of clouds including the linear scheme, the approximate random overlap scheme, and the maximum-random overlap scheme and evaluate their effects on photolysis frequencies and key oxidants. These schemes are discussed in detail by Feng et al. [2004] and Tie et al. [2003] and are briefly summarized here as follows.
Linear Assumption (LIN)
[17] The most commonly used assumption in current CTMs is that clouds cover an entire horizontal grid with a cloud optical depth averaged over the clear and cloudy areas in each layer, which assumes that the actinic flux is linearly proportional to cloud optical depth [Feng et al., 2004] . That is, the grid average cloud optical depth t 0 c = t c Á f, where t c is the cloud optical depth in the cloudy portion of the grid and f is the cloud fraction in each layer. This approach may introduce a significant bias because of the nonlinear relationship between photolysis frequencies and cloud optical depth.
Approximate Random Overlap (RAN)
[18] The random overlap scheme assumes that clouds in vertical layers are independent of each other and randomly overlapped. A detailed implementation of this scheme therefore requires extensive computations [Feng et al., 2004] . Briegleb [1992] designed a formulation for cloud optical depth, i.e., t
. Briegleb [1992] showed that this formulation yields a reasonable approximation to a detailed random overlap calculation for the heating rate. As Feng et al. [2004] demonstrated, for large cloud fractions, the scaling of cloud optical depth by cloud fraction to the 3/2 power is a good approximation to the exact random overlap calculation; for small cloud fraction, there are large errors. On a global scale cloud fraction is typically 60-70% (see section 3) so that one would expect the approximation is often a good one. This method has been widely used as an approximation for the exact random overlap in global CTMs [e.g., Brasseur et al., 1998] , and is also adopted in this study (hereinafter referred to as RAN).
Maximum-Random Overlap (MRAN)
[19] The maximum-random overlap scheme assumes that clouds in adjacent layers are maximally overlapped to form a cloud block and that blocks of clouds separated by clear layers are randomly overlapped [Geleyn and Hollingsworth, 1979] . A vertical profile of fractional cloudiness is converted into a series of column configurations with corresponding fractions (Figure 1 ). Any individual layer has either full or zero cloud cover. Radiative transfer calculation is conducted for each column configuration. Photolysis frequencies are then the average of all column radiation transfer calculations weighted by the column area fraction in each configuration. Feng et al. [2004] applied a version of MRAN [Collins, 2001] to study the effect of cloud overlap in their photochemical model. Tie et al.
[2003] used a similar version of MRAN [Stubenrauch et al., 1997] in their study of the radiative effect of clouds on photolysis rates and tropospheric oxidants. The major difference between the two versions of MRAN is that the latter assumes that within a cloud block the cloud fraction is equal to the maximum cloud fraction within those cloud layers and the water content in each cloud layer within the block is adjusted to conserve the total water content. The resulting number of configurations is significantly smaller for the latter than for the former. We find that the different assumptions about the overlap within a cloud block have less than 2 -5% effect on monthly, zonal, and daily mean Figure 1 . Schematic illustration of implementation of the maximum-random cloud overlap scheme (MRAN) as used by Tie et al. [2003] for actinic flux calculations [after Feng et al., 2004] . Layers 3, 4, 5 and 9 are cloudy in a ten-layer column. The in-cloud optical depth and cloud fraction at vertical layer i are indicated by t i and f i (i = 1, 2, . . ., 10). This vertical profile of cloudiness is transformed into four configurations. Within the cloud block containing adjacent cloudy layers (i = 3, 4, and 5), the cloud fractions are set to the maximum cloud fraction of those layers (f 5 ), and their cloud optical depths (or water contents) are accordingly adjusted. Actinic fluxes for the original column are the averages of those for all four configurations, weighted by the respective column area fractions. photolysis rates. At a specific location, the vertically integrated photolysis rates can change by up to 8%. If not otherwise explicitly stated, we refer MRAN in the following discussions to the Stubenrauch et al. [1997] approach as used by Tie et al. [2003] that requires much less computing time.
Global Cloud Distribution and Evaluation With Satellite Observations
[20] Cloud optical depth and cloud fraction are critical parameters needed to describe the radiative effect of clouds on tropospheric photochemistry. Fast-J requires as input the grid-scale cloud optical depth in vertical model layers. Model estimates of cloudiness and its vertical variability, however, have large uncertainties. We evaluate in this section the GEOS-3 cloud optical depth and cloud fraction with satellite retrieval products from the Moderate Resolution Imaging Spectroradiometer (MODIS, on Terra) ] and the International Satellite Cloud Climatology Project (ISCCP) [Rossow et al., 1996; Rossow and Schiffer, 1999] .
[21] The occurrence of clouds in GEOS-3 is empirically diagnosed on the basis of grid-scale relative humidity and subgrid-scale convection (L. Takacs, personal communication, 2004) . The cloud optical properties are empirically prescribed to obtain a reasonable simulation of top-of-theatmosphere longwave and shortwave cloud forcing. For large-scale clouds, cloud optical depth is empirically assigned values proportional to the diagnosed large-scale liquid water. For convective clouds, cloud optical depth is prescribed as 16 per 100 mbar. A temperature dependence is used to distinguish between water and ice clouds.
[22] We show in Figure mean cloud retrievals sampled at the Terra MODIS local equatorial crossing time (approximately 10:30am) has little effect on our results reported here. Both MODIS and ISCCP cloud optical depths reveal the maxima associated with tropical convection, extratropical cyclones in NH, and the marine stratiform clouds in the Southern Hemisphere (SH, $50 -60°S). GEOS-3 shows the same features in cloud optical depths but tends to overestimate the values at $50-60°S as well as in the tropics. At northern high latitudes, GEOS-3 cloud optical depths do not show values as high as those from MODIS and ISCCP retrievals; the latter is presumably due to uncertainties associated with snow or ice cover in the satellite retrievals for these regions. GEOS-3 appears to capture the day-to-day variability in cloud optical depth associated with synoptic-scale frontally induced cloudiness in the Asian Pacific region during spring (not shown). Similar plots are constructed for monthly mean cloud fraction. GEOS-3 cloud fraction agrees, overall, with MODIS and ISCCP products, but tends to be somewhat lower at midlatitudes (Figure 4) .
[23] While the MODIS and ISCCP monthly mean cloud optical depths presented in Figures 2 and 3 are comparable in magnitude, note that it was first necessary to make some adjustments to the cloud optical depths reported by these two projects in order to make them directly comparable. This is because ISCCP values are based on radiative nonlinearly averaged values of individual pixels while the MODIS values used were based on linear averages. This difference in averaging has led to previous reports of large differences (a factor of 2 -3) between MODIS and ISCCP monthly mean cloud optical depths [Pinker et al., 2003] . While the cloud optical depths reported in the ISCCP D2 data set are averaged values of individual pixels with nonlinear weights that preserve the average cloud albedo, linear averages of individual pixel values of optical depth proportional to cloud water content are stored in the ISCCP D2 data set as water path [Rossow et al., 1996] . Thus to be consistent with the linearly averaged MODIS optical depths, we have used linearly averaged cloud optical depth derived from the ISCCP water path data.
[24] The above evaluations of GEOS-3 cloud optical depth and cloud fraction provide a quantitative estimate of errors in these fields, which are used in the radiative transfer calculations. One caveat, however, is that the range of visible optical depths that can be measured by satellites is typically $0.5 -100, limited by cloud detection limits at the lower end and lack of further sensitivity at the upper end [Hartmann et al., 1999] . On the other hand, there is at present a lack of information about the global climatology of the vertical distribution of cloud amount and optical depth, preventing a reliable evaluation of cloud vertical distributions in GEOS-3.
Effect of Cloud on Photolysis Rates: Test Cases
Effect of Cloud Overlap
[25] We use the one-dimensional test cases designed by Feng et al. [2004] to evaluate Fast-J photolysis frequencies calculation and the effect of different cloud overlap assumptions. As Feng et al. [2004] showed, the effect of cloud overlap is sensitive to cloud fraction as well as to solar zenith angle. We illustrate this for J [O 1 D] in Figures 5 and 6 for 0°and 60°solar zenith angles, respectively. Atmospheric conditions are based on those of 45°N summer. Total ozone column is 330 DU. Surface albedo is 0.1. We assume here clouds are fully scattering and do not include aerosols. In Figures 5a , 5b, 6a, and 6b, clouds with a large mean optical depth of 54 are placed between 2 -3 km and 3 -4 km with either small cloud fraction (0.1 and 0.2, respectively) or large cloud fraction (0.8 and 0.9, respectively). In Figure 5c and 6c, clouds with a small mean optical depth of 6 are placed between 2 -3 km and 3 -4 km with cloud fractions of 0.2 and 0.3, respectively.
[26] Relative to clear-sky conditions, the presence of the optically thick cloud leads to enhancement of J[O Feng et al. [2004] using the TUV model, lending confidence to the implementation of cloud overlap assumptions in this study. Relative to LIN and RAN, MRAN decreases the radiative impact of clouds on photolysis frequencies for optically thick clouds, but increases the impact below optically thin clouds at small solar zenith angles.
Sensitivity to Vertical Cloud Distributions and Cloud Water Contents
[28] We assess the sensitivity of the impact of clouds on photolysis rates to different vertical cloud distributions and cloud water contents (or optical depths) by using the test cases designed by Tie et al. [2003 Tie et al. [ , 2006 . Three different vertical cloud distributions are assumed: (1) a single cloud layer between 0 and 3 km (low cloud case), (2) a single cloud layer between 9 and 12 km (high cloud case), and (3) multilayer clouds between 0 -3 km and 9-12 km (multilayer cloud case). Atmospheric conditions are based on those of tropical regions (0°N). The cloud liquid water content is 0.1 g/m 3 . The cloud optical depth is then obtained by [Slingo and Schrecker, 1982] :
where t is the cloud optical depth, b is the extinction coefficient (m , cloud fraction is 50%, and the effective radius of cloud liquid water droplet is 20 mm, following Tie et al. [2003, 2006] . See text for more details.
( Figure 7a ). The total enhancement averaged over the whole troposphere is about 18% ( Tie et al. [2003 Tie et al. [ , 2006 with the fast-TUV model (12.7%, -5.7%, and 3.9%, respectively).
[30] As Tie et al. [2003] found, the impact of clouds on photolysis is very sensitive to the vertical location of clouds as well as the cloud water content (Table 1) . Interestingly, this impact is more sensitive to the vertical location of clouds than to the cloud water content. An important implication, as mentioned earlier, is that having a reasonable vertical distribution of cloudiness is essential for taking account of the radiative effect of clouds. On the other hand, we can see from Table 1 that with increasing solar zenith angles, the enhancement above the low cloud decreases and the reduction below the high cloud increases, because of larger path lengths.
Global Impact of Clouds on Photolysis Frequencies
[31] In this section, we assess the global impact of clouds on photolysis frequencies by coupling Fast-J with GEOS-CHEM, including the effect of cloud overlap. We focus on photolysis frequencies J[O Figure 8a is the latitude-altitude cross section of zonal mean GEOS-3 cloud optical depth per kilometer. In the tropics, J[O 1 D] is enhanced by up to $20% above the clouds, and reduced by up to $10-20% below; it reflects the backscattering (attenuation) of solar radiation above (below) the deep convective clouds. Similar effects are also seen above and below the low-level clouds at NH and SH midlatitudes. Above the clouds, NH sees larger enhancements ($10%) than SH does ($5%) in spite of smaller column cloud optical depth in the model ( Figure 3) ; this is because of smaller solar zenith angles in NH at this time of the year (see Table 1 [33] As Feng et al. [2004] pointed out, observational studies have not been able to distinguish whether RAN or MRAN is preferred. We choose to use MRAN as the reference because previous studies found that cloud overlap might best be modeled as a combination of random and maximum overlap [Hogan and Illingworth, 2000] . Figures 8c  and 8d show the percentage differences in daily mean J [O 1 D] between LIN and MRAN, RAN and MRAN, respectively, as simulated by GEOS-CHEM. LIN overestimates reflection of solar radiation above the clouds in particular in the tropics (up to 10%) and overestimates the reduction near the surface by $10% (Figure 8c ). The differences between RAN and MRAN are generally $2% and not more than $5% anywhere (Figure 8d ). The relatively larger differences ($5%) in the tropical middle and upper troposphere reflect an overestimate of actinic fluxes in RAN relative to MRAN, within deep convective clouds (Figure 8d ) which typically have large optical depth and small cloud fraction (see Tie et al., 2003 Tie et al., , 2006 . Low cloud case: a single cloud layer between 0 and 3 km; high cloud case: a single cloud layer between 9 and 12 km; and multilayer cloud case: two cloud layers between 0 -3 km and 9 -12 km. (Figures 9a and 9b) . The major absorption by NO 2 occurs at longer wavelengths (near 380 nm) than does the absorption by O 3 ; the former is less dependent on Rayleigh scattering [Jacob et al., 1989; Feng et al., 2004] . 
Radiative Effect of Clouds on Key Oxidants
[35] Cloud perturbations to photolysis frequencies affect tropospheric chemistry and, in particular key oxidants in the troposphere. We examine in this section the radiative effect of clouds on global OH and tropospheric O 3 budget, including the effect of cloud overlap. The radiative effect of clouds is represented by subtraction of the clear-sky simulation from the cloudy-sky simulation.
Global Mean Effect
[36] Shown in Table 2 are the percentage changes in the global tropospheric mean concentrations of key oxidants and global mean photolysis frequencies due to the radiative effect of clouds in June and December 2001, following Table 4 of Tie et al. [2003] . Our calculated global mean changes in OH, O 3 , NO x , HO 2 , CH 2 O, and CO are generally less than 6%, independent of the cloud overlap schemes used. The significantly larger changes in OH during December is mainly due to large cloud optical depths associated with the SH marine stratus in GEOS-3. This effect is probably an overestimate because GEOS-3 significantly overestimates these cloud optical depths (Figure 3) . For other months, GEOS-3 gives cloud optical depths that are much closer to satellite retrievals ( Figure 3) . As we will show below, the fact that global mean effect remains modest in our model reflects an offsetting effect of above-cloud enhancements and below-cloud reductions. The same can be said for our calculated global changes in photolysis frequencies (section 5). The lifetime of methylchloroform (CH 3 CCl 3 , MCF) or CH 4 is a proxy for the global mean OH concentrations [Spivakovsky et al., 1990] . We calculate the MCF lifetime as the ratio of the total burden of atmospheric MCF to the tropospheric loss rate against oxidation by OH [Spivakovsky et al., 2000] . Annual mean lifetime of MCF (CH 4 ) for 2001 is 6.5 (11) years under clear-sky condition and changes by less than 6% under cloudy-sky condition using any of the cloud overlap schemes (Table 2) . Interestingly, we find that the MCF (CH 4 ) lifetime may increase even if global mean OH concentrations increase. This reflects the fact that the MCF (CH 4 ) lifetime is more sensitive to the OH concentrations in the lower troposphere (versus the middle and upper troposphere) because of the temperature dependency of the MCF-OH (CH 4 -OH) reaction constant. Our global MCF lifetime is within the range of previous estimates from observations (5 -7 years) [Spivakovsky et al., 2000; Prinn et al., 2001] .
Zonal Mean Effect
[37] Figures 10a and 10b show the percentage changes in monthly daily mean OH due to the radiative effect of clouds as simulated by GEOS-CHEM with LIN ( Figure 10a ) and RAN (Figure 10b) for June 2001. In the tropics, OH is enhanced by up to $5-10% above the deep convective clouds, and reduced by $5 -20% below, reflecting the backscattering (attenuation) of solar radiation above (below) the tropical convective clouds (Figure 10a ). At NH midlatitudes, OH is enhanced by $5 -10% above the low-level clouds; at SH subtropics, OH are enhanced by $5%; at SH high latitudes, the impact of clouds on OH does not show consistent patterns. Near the surface, OH decreases by approximately -20% because of clouds. Using RAN rather than LIN reduces the impact of clouds on OH (Figures 10a  and 10b ). Compared to MRAN, LIN underestimates OH by up to $10% near the surface and overestimates OH by 5 -10% above the low-level clouds at NH midlatitudes and above the tropical clouds (Figure 10c ). RAN gives OH The radiative effect of clouds is represented by subtraction of the clear-sky simulation from the cloudy-sky simulation. We calculate global mean concentrations by dividing the global total moles of a species by those of air. Global mean photolysis frequencies are volumeweighted values. concentrations that are close (within 5%) to those given by MRAN (not shown).
[38] Figure 11a shows the percentage changes in monthly zonal mean O 3 due to the radiative effect of clouds (MRAN) in June 2001. The maximum impact on O 3 ($5%) is seen in the tropical upper troposphere with less than a few percent impact elsewhere. Contrasting with OH enhancements above clouds and reductions below clouds, O 3 enhancements are found in most of the troposphere, partly reflecting the short lifetime of OH (seconds) and relatively long lifetime of O 3 in the troposphere (days to a few weeks). The lower troposphere in the tropics and SH are overall a regime of net O 3 loss due to low NO x environments (not shown). We find that the presence of tropical deep convective clouds suppresses this net O 3 loss, thus increasing O 3 concentrations in this part of the troposphere. The maximum positive percentage changes (up to $20-30%) in surface O 3 occur in the tropics (not shown), but large relative changes are usually associated with low ozone, resulting in small relative changes in zonal mean concentrations.
[39] Figure 11b shows the percentage changes in monthly zonal mean CO due to the radiative effect of clouds (MRAN) in June 2001. Cloud overlap has little effect. The overall impact of clouds on CO is not significant, although NH (SH) tends to see positive (negative) changes. The small changes in CO may be due to the fact that loss of CO by OH is partly compensated by CO production from hydrocarbons. The positive (negative) changes in NH (SH) reflect the fact that CO sources are dominated by direct emissions in continental source regions in NH but by OH oxidation of hydrocarbons in SH.
Comparison With Previous Modeling
[40] We compare here our model calculations with those of Tie et al. [2003] . There are some similarities. Both this study and that of Tie et al. [2003] found O 3 enhancements in most of the troposphere due to the radiative effect of clouds, but the latter indicated much larger enhancements of O 3 in the tropics with a maximum impact of $20-30% in the upper troposphere (see their Figure 14) . When LIN or RAN rather than MRAN is used in our model, neither do we see significantly larger impact on O 3 . It appears that the sensitivities of O 3 to clouds in the two models, as they now stand, are quite different. Both studies found that using LIN and MRAN schemes have important effects on the calculation of the cloud effects, consistent with the study of Feng et al. [2004] .
[41] There are more discrepancies between the two model calculations. Also shown in Table 2 are the MOZART-2 simulated percentage changes in the global tropospheric mean concentrations of key oxidants and global mean photolysis frequencies due to the radiative effect of clouds, as reported by Tie et al. [2003 Tie et al. [ , 2006 . The small changes in global means found in this study are in distinct contrast with the large percentage changes (except for NO x ) found in the MOZART-2 model [Tie et al., 2003] , in particular for OH (Table 2) . Tie et al. [2003] reported a very similar CH 4 lifetime (11.4 years) under clear-sky condition but significantly different CH 4 lifetimes of $5 -6 years (LIN) and $8 -9 years (MRAN) under cloudy-sky conditions. Such dramatic changes in CH 4 lifetime (À18% to À46%) due to the presence of clouds or the use of different cloud overlap schemes are not seen in our model. There are some factors that may contribute to all these differences. First, we use mass-weighted method to calculate the global mean changes in tropospheric chemical species, while those reported by Tie et al. [2003] are based on the volume mixing ratios averaged over each grid box below 200 mbar (X. Tie, personal communication, 2004) . The non-mass-weighted method tends to give global mean concentrations erroneously weighted toward the middle and upper troposphere. Even if we calculate global mean changes in the same way as Tie et al. [2003] did, we do not find large percentage changes, only reflecting the offsetting effect of above-cloud enhancements and below-cloud reductions in our model. Second, the cloud vertical distributions in this study appear significantly different than those of Tie et al. [2003] . The MOZART-2 model uses online calculated cloud distribution with a high temporal resolution (20 min time interval). As pointed out by Tie et al. [2003] , MOZART-2 tends to underestimate high cloud water in the tropics (see their Figure 8 ) where our model has more high cloud water (by a factor of 2 -3). Both models have low cloud water of similar magnitude, including in the tropics (not shown). Relative to our model, MOZART-2 may therefore overestimate the reflection of solar radiation from tropical low clouds. However, our sensitivity experiments suggest that different cloud vertical distributions cannot explain the major discrepancies between the two model calculations (H. Liu et al., Sensitivity of tropospheric chemistry simulations to cloud vertical distributions and optical properties, manuscript in preparation, 2006; hereinafter referred to as Liu et al., manuscript in preparation, 2006) . At present, to compare the two studies in a systematic way is beyond the scope of this study.
Discussion
[42] It is well established that tropospheric O 3 is an important greenhouse gas, in particular in the upper troposphere. Because cloud optical properties may change because of anthropogenic influences through aerosol-cloud interactions, the sensitivity of tropospheric O 3 is an important issue for assessment of anthropogenic perturbations to the climate. The reason for the different sensitivities of tropical upper tropospheric O 3 to clouds in GEOS-CHEM (this work) and MOZART-2 [Tie et al., 2003] is not immediately clear. It appears that global distributions of clouds are similar in the two models, except in the tropics where the optical depth due to high clouds tends to be underestimated in MOZART-2 [Tie et al., 2003 ]. We conducted a sensitivity simulation using GEOS-CHEM where the GEOS-3 clouds in the tropical middle and upper troposphere were removed. The results do not indicate a larger effect of clouds on O 3 either. It is also difficult to see how the different sensitivities might result from differences in the chemical mechanisms used in the two models. The global budget analysis of tropospheric O 3 in MOZART-2 suggests that its tropospheric chemistry is not significantly more active than that of other global models [Horowitz et al., 2003] . We argue that a $20-30% increase in tropical upper tropospheric O 3 solely due to the radiative effect of clouds is too large.
[43] Cloud treatments and diagnostics are still the major uncertainty in climate models, as reflected by the discrepancies in the cloud optical and physical properties from various meteorological archives. These cloud fields may affect the simulation of the tropospheric chemistry system. For instance, the meteorological fields driving the GEOS-CHEM model include a series of archives from GEOS DAS, i.e., GEOS-1, GEOS1-STRAT, GEOS-3 (this study), and GEOS-4. The global average cloud optical depths in GEOS-1 and GEOS1-STRAT appear to be a factor of 4 -5 smaller than those in GEOS-3 (not shown). Cloud optical depths in GEOS-4 seem too low in the tropics when compared to GEOS-3 as well as MODIS and ISCCP satellite retrieval products, reflecting the optically much thinner clouds in the tropical middle and upper troposphere in GEOS-4 (not shown). The differences between the sensitivity simulation mentioned above (where the clouds in the tropical middle and upper troposphere were removed) and the standard simulation give us a sense of the impact of GEOS-3 and GEOS-4 cloud optical depth differences on the simulation of tropospheric chemistry. It suggests that using GEOS-4 cloud optical depths may overestimate OH concentrations by about 10 -20% in most of the tropical troposphere (Figure 12 ), if LIN is used. Indeed, a recent GEOS-CHEM full chemistry simulation driven by GEOS-4 showed significantly higher global OH concentrations than earlier simulations driven by GEOS-3 (J. Logan, personal communication, 2004 ). We will document in a separate paper the sensitivity of tropospheric chemistry simulations to cloud vertical distributions and optical properties (Liu et al., manuscript in preparation, 2006) . We suggest that the radiative effect of clouds on the simulation of tropospheric chemistry be assessed in the Global Modeling Initiative (GMI) framework [Douglass et al., 1999] where the cloud fields from various meteorological archives can be utilized.
[44] With respect to the effect of cloud overlap on photochemistry, we improve over the study of Feng et al. [2004] in at least two aspects. First, we coupled the Fast-J radiative transfer model with GEOS-CHEM, while Feng et al. [2004] calculated photolysis frequencies with a linear or quasi-linear interpolation from a table of calculated photolysis frequencies for specified clear or cloudy conditions. They reported the global average errors in the cloudy-sky look-up (Figures 8 and 9 ) and therefore are relatively large. As our results have shown, the differences of photolysis frequencies above clouds or in the upper portion of clouds between using RAN and MRAN should be smaller than those between using LIN and MRAN, since LIN allows less solar radiation to penetrate down below the cloud. However, the results of Feng et al. [2004] Our simulated effect of cloud overlap on OH should therefore be more consistent with the effect of clouds on other trace species.
[45] Cloud overlap assumptions used in the model have a significant influence on the calculated total cloud cover and radiation fields [Morcrette and Jakob, 2000; Bergman and Rasch, 2002; Stephens et al., 2004] . Observational studies however did not prefer any of the cloud assumptions (see the review of Feng et al. [2004] ). In fact, existing overlap assumptions have significant limitations that may lead to unrealistic cloud distributions [Bergman and Rasch, 2002; Stephens et al., 2004] . For instance, Stephens et al. [2004] demonstrated that the random and maximum-random overlap methods create a vertical-resolution-dependent bias in model total cloudiness and radiative fluxes. Since GEOS-CHEM is an offline model, we do not include in our calculation the impact of cloud overlap on radiation fields of the atmosphere, nor do we try to examine which cloud overlap assumption gives better total cloudiness and surface and top-of-the-atmosphere radiation fluxes. We suggest using online CTMs to address the issue. On the other hand, current satellite observations of global cloudiness also suffer from multilayered cloud systems because of its assumption that only a single cloud layer is present in a given pixel. The potential for using satellites to detect cloud overlap however is encouraging [Pavolonis and Heidinger, 2004] .
Summary and Conclusions
[46] We have used a state-of-the-art global 3-D model of tropospheric chemistry driven by assimilated meteorological data (GEOS-3) coupled with the Fast-J radiative transfer model to assess the radiative effect of clouds on photolysis frequencies and key oxidants in the troposphere during 2001. Our aim was to improve our quantitative understanding of this effect on a global scale, including the associated uncertainties due to different cloud overlap assumptions. Three different methods are used to assess the impact of clouds on radiative transfer and they are the uniform cloud distribution method (linear assumption or LIN), an approximate random overlap assumption (RAN), and the maximum-random overlap assumption (MRAN).
[47] To properly take into account the radiative effect of clouds, we have evaluated GEOS-3 column cloud optical depth and cloud fraction with MODIS and ISCCP satellite retrieval products. We showed that MODIS and ISCCP monthly mean cloud optical depths (linear averages of pixel values) are actually comparable in magnitude. GEOS-3 cloud optical depths show peaks in the tropics associated with deep convective clouds and at midlatitudes associated with extratropical cyclones in NH and marine stratiform clouds in SH. These features reasonably agree with MODIS and ISCCP cloud retrieval products, although GEOS-3 tends to overestimate cloud optical depths in the tropics and SH midlatitudes. GEOS-3 cloud fraction agrees with MODIS and ISCCP products but appears lower at midlatitudes.
[48] While we have been able to reproduce with Fast-J the one-dimensional test cases for the radiative effect of clouds on photolysis rates in the literature, our online simulation results of the global impact of clouds on photolysis frequencies are significantly different than those of previous studies in many aspects. O] in the troposphere are reduced by only $2-4% because of the impact of clouds with the use of any of the cloud overlap assumptions, reflecting an offsetting effect of above-cloud enhancements due to reflection of solar radiation and below-cloud reductions. This small global average effect and insensitivity to cloud overlap are in distinct contrast with a global modeling study using MOZART-2 [Tie et al., 2003] where a global average enhancement of 13% ($45-62%) was found using MRAN (LIN). Despite the insensitivity of the global average effect to cloud overlap, we do find that LIN significantly overestimates the above-cloud enhancements and the below-cloud reductions when compared to RAN or MRAN, consistent with the findings of Feng et al. [2004] . However, our calculated differences in photolysis frequencies between LIN, RAN or MRAN are more consistent with these cloud overlap schemes themselves.
[49] Consistent with the previous studies [Tie et al., 2003; Feng et al., 2004] , our calculations indicate that clouds have important effects on tropospheric chemistry through modification of photolysis frequencies. However, our results highlight that the dominant radiative effect of clouds is to influence the vertical redistribution of the intensity of photochemical activity while the global average effect remains modest. This contrasts with the result of Tie et al. [2003] . Differing vertical distributions of clouds may explain part, but not majority, of the discrepancies between models.
[50] Specifically, our calculated global mean changes in OH, O 3 , NO x , HO 2 , CH 2 O, and CO due to clouds are generally less than 6% using any of the cloud overlap assumptions. For OH, the global mean change is insignificant ($1%) but it shows much larger changes above (5 -10%) and below (À5 -20%) the tropical deep convective clouds and the midlatitude low-level clouds, as well as near the surface (approximately À20%). The global mean lifetime of CH 3 CCl 3 (CH 4 ) increases by $3 -5% from a clearsky value of 6.5 (11) years; the positive impact of clouds reflects the fact that the lifetime of CH 3 CCl 3 (CH 4 ) is more sensitive to OH in the lower troposphere where clouds strongly decrease OH concentrations. For O 3 , the global mean effect is about 3 -5% increase. O 3 increases occur in most of the troposphere with maximum in the tropical upper troposphere, consistent with Tie et al. [2003] . Our calculated O 3 increase in the tropical upper troposphere ($5 -8%) is however substantially smaller than that ($20-30%) of Tie et al. [2003] . While O 3 increases above the clouds in our model reflect the increased net O 3 production due to backscattering of solar radiation, O 3 increases below the tropical deep clouds and the SH marine stratus are a result of reduced net O 3 losses in these regimes. The radiative effect of clouds on CO is not significant both globally and regionally in the vertical ($1 -2%), reflecting that loss of CO by OH is partly compensated by CO production from hydrocarbons.
[51] Our model results using different cloud overlap assumptions do not indicate which assumption is preferred, although one may argue that MRAN is more realistic. Relative to MRAN, LIN significantly overestimates the impact of clouds on tropospheric chemistry. We find that RAN (t c 0 = t c Á f
) is a good approximation of MRAN in terms of the radiative impact of clouds on tropospheric chemistry. Since RAN is computationally much cheaper than MRAN, RAN is a good compromise between including the effect of cloud overlap and achieving computational efficiency.
[52] The radiative effect of clouds on tropospheric chemistry in a global CTM critically depends on the cloud optical properties and, in particular, on the vertical distribution of cloud optical depth and cloud fraction, which is still one of the largest uncertainties in current general circulation models and other meteorological products. For instance, there are important differences between the vertical distributions of cloud optical depth in the GEOS-3 and GEOS-4 meteorological archives, leading to significant differences in the simulated OH (oxidation capability) in the troposphere. Assimilating satellite observations of cloud optical properties in global models may help reduce such uncertainties. In particular, with the launchings of CALIPSO and CloudSat, a unique data set of cloud optical and physical properties as well as their vertical distribution will substantially improve our constraints on the radiative effect of clouds on tropospheric chemistry and climate. Eventually it will lead us to an improved understanding of cloud-chemistry-climate interactions in a changing climate.
